The consistency of eddy-covariance measurements is often evaluated in terms of the degree of energy balance closure. Even over sloping terrain, instrumentation for measuring energy balance components is commonly installed horizontally, i.e. perpendicular to the geo-potential gradient. Subsequently, turbulent fluxes of sensible and latent heat are rotated perpendicular to the mean streamlines using tilt-correction algorithms. However, net radiation (R n ) and soil heat fluxes (G) are treated differently, and typically only R n is corrected to account for slope. With an applied case study, we show and argue several advantages of installing sensors surface-parallel to measure surface-normal R n and G. For a 17 % southwest-facing slope, our results show that horizontal installation results in hysteresis in the energy balance closure and errors of up to 25 %. Finally, we propose an approximation to estimate the surface-normal R n , when only vertical R n measurements are available.
Introduction
The measurement of turbulent fluxes in varying environments is an approach that is used for assessing and forecasting global warming (Kaminski et al. 2012; Koffi et al. 2013 ). Thus, eddy-covariance towers have proliferated around the world in the last two decades (FLUXNET tower network; Baldocchi et al. 2001) . Since ideal sites are rarely found worldwide, there was a great need to extend the applicability of the eddy-covariance method to situations over non-ideal (or "complex") terrain. Different studies even concluded that the eddy-covariance method can be used over sloping terrain to evaluate energy and CO 2 /H 2 O fluxes of whole ecosystems (Hammerle et al. 2007; Hiller et al. 2008) . However, general problems of the eddy-covariance method are aggravated by sloping terrain. Both the error induced by neglecting the vertical and horizontal advective fluxes (Aubinet et al. 2003 (Aubinet et al. , 2005 and the underestimation of nighttime ecosystem respiration during stable conditions (Gu et al. 2005; Aubinet 2008 ) depend critically on slope, although such problems are less pronounced over short vegetation.
One of the most commonly used methods for evaluating the consistency of eddycovariance turbulent flux measurements is to assess closure of the energy balance (Wilson et al. 2002; Stoy et al. 2013 ). This quality control criterion for eddy-covariance measurements consists of comparing the sum of the latent (LE) and sensible (H ) heat fluxes, measured with the eddy-covariance method, to the available energy consisting of net radiation (R n ) minus the soil heat flux (G). According to the first law of thermodynamics, incoming and outgoing energy components must balance. This independent assessment of eddy-covariance measurement reliability has been evaluated for many FLUXNET sites with a mean imbalance on the order of 20% (Wilson et al. 2002) . The reasons for the general imbalance remain unclear and are under discussion (Foken 2008; Leuning et al. 2012; Stoy et al. 2013) , and turbulent fluxes are often considered "acceptable" when the energy balance residual does not exceed 30%. Over sloping terrain, the energy-budget quality control yields results comparable to those for sites located in near flat terrain (Hammerle et al. 2007; Hiller et al. 2008; Etzold et al. 2010) . In the following, we focus on ecosystem-scale exchanges over a mountain slope that is quasi-uniform across and beyond the source area (footprint) of the flux measurements. That is, we focus on the effect of the average slope over scales of hectares on the energy balance. Smaller undulations that can even exist within flat terrain (such as ploughed farmlands) are not the subject of our study and are addressed elsewhere (Wohlfahrt and Tasser 2014) .
Overall, the goal of an energy balance study must be to represent all contributing terms in the same way that they influence the exchange surface. This can be achieved by minimizing the incident angle between a contributing term and its measurement regardless of the exchange surface orientation. Atmospheric turbulence results in down-gradient transport by turbulent diffusion, with the "exchange" coordinate of the scalar flux being perpendicular to the streamlines/surface. For radiation components, both the irradiance and emittance relevant to the surface are clearly in the normal direction, irrespective of the geopotential gradient (this is why solar panels are not installed horizontally). Such net radiative effects also establish isotherms parallel to the surface and soil temperature gradients in the surface-normal direction, which is therefore the relevant direction to measure G.
Over sloping sites, eddy-covariance systems are typically installed horizontally and the resulting fluxes H and LE are subsequently rotated perpendicular to the mean streamlines. However, the R n and G terms contributing to the energy balance are treated differently. Net radiometers are installed horizontally, and either (a) no rotation is applied (e.g., Etzold et al. 2010 ), or (b) the incoming solar radiation component of the net radiation is corrected for the inclination, arguing that this is the most important component contributing to R n (Matzinger et al. 2003; Hammerle et al. 2007; Hiller et al. 2008; Saitoh et al. 2011) . Oftentimes no information is provided on the alignment of the R n and G sensors.
Here, we examine the advantages of installing the net radiometer and soil heat flux instruments parallel to the average slope. Section 2 provides information on the study site and the sensor deployments. In Sect. 3, we present the case study results of horizontal vs. parallel sensor installations, and propose an approximation to estimate surface-normal R n , when only vertical R n measured with horizontally oriented (i.e., level) sensors is available. Finally, in Sects. 4 and 5 we discuss our findings and provide concluding recommendations.
Methods

Site Description
The experimental part of the study was conducted in the Sierra Nevada National Park in southeastern Spain (36 • 58 3.68 N; 3 • 28 37.04 W, 2320 m a.s.l.; Fig. 1 ). Vegetation consists of grass and forbs (Genista versicolor, Festuca spp. and Sessamoides prostata, dominant species) recovering in the wake of a 2005 wildfire. Given the short vegetation and the aerodynamically simple surface, the contribution of air storage to net exchanges is very small and thus neglected (Suyker and Verma 2001; Kowalski et al. 2003 ). 
Sensor Deployments
The following analyses were performed on data from 7 July to 20 August 2010, with 34 days under cloud-free conditions and 10 partially cloudy days; no fully overcast conditions occurred. During this period the eddy-covariance tower provided turbulent exchanges of energy between the surface and the atmosphere. Sensible (H ) and latent (LE) heat fluxes were calculated from fast-response (10 Hz) instruments (infrared gas analyzer Li-7500, Lincoln, Nebraska, USA; a three-axis sonic anemometer model 81000 (R.M. Young, Traverse City, Michigan, USA), mounted horizontally so that "w" represents the vertical wind, with a valid operating range for attack angle in the range ±60 • ) mounted atop a 6-m tower.
Means, variances and covariances were calculated for 30-min periods following the Reynolds rules, and eddy-flux corrections for density perturbations (Webb et al. 1980) and tests for stationarity and turbulence development were applied using the EddyPro 5.1.1 software. The stationarity test compares the covariances determined for the 30-min period and for shorter intervals within this period (usually 5 min). A time series is considered to be steady state if the difference between both covariances is less than 30 % (Mauder and Foken 2004) . The turbulence development was tested by using the socalled flux-variance similarity where the ratio of the standard deviation of a turbulent parameter and its turbulent flux (measured parameter) is a function of the stability (modelled parameter). Well developed turbulence can be assumed if the difference between the measured and the modelled parameter is less than 30 % (Mauder and Foken 2004) . After applying both tests, the EddyPro 5.1.1 software provides the flag "0" for high quality fluxes (differences <30 % for both test), "1" for intermediate quality fluxes (differences <30 % for one test) and "2" for poor quality fluxes (differences >30 % for both tests).
Since no systematic error has been observed for applying different rotation methods over sloped sites (e.g., Turnipseed et al. 2003; Shimizu 2015) and particularly for our experimental site (double rotation vs. planar fit showed no significant differences, data not shown), the double coordinate rotation was used to ensure that the rotated average "w" is zero in the direction normal to the surface. While double rotation of 30-min data is one of the most common methods used, it is frequently cited inadequately: the often-cited McMillen (1988) relied on erroneous equations of Tanner and Thurtell (1969) . The correct version was first provided by Kowalski et al. (1997) and is now also frequently cited via Aubinet et al. (2000) .
In addition to the turbulent fluxes, available energy was determined by duplicate sensors in two configurations, one parallel to the surface and the other horizontal. For each, a net radiometer (NR Lite, Kipp&Zonen, Delft, Netherlands) was located 2 m above the surface, and two heat-flux plates (HFP01SC, Hukseflux, Delft, Netherlands) were installed at 80-mm depth, with two pairs of soil temperature probes (TCAV, Campbell Scientific, Logan, Utah, USA) at 20-and 60-mm depth, and a water content reflectometer (CS616, Campbell Scientific, Logan, Utah, USA) at 40-mm depth. The soil heat flux (G) was calculated by adding the measured heat flux at a fixed depth (80 mm) under bare soil to the energy stored in the layer above the heat-flux plates, based on the specific heat capacity of the soil and changes in the temperature and soil water content with time (Massman 1992; Domingo et al. 2000) . Finally, the incident and reflected photosynthetic photon flux densities (PPFD) were measured by quantum sensors Lincoln, Nebraska, USA) to identify the partially cloudy days and estimate the surface albedo.
Modelling
Following Olmo et al. (1999) , the surface-normal R n was modelled based on vertical R n measurements. First, vertical daytime R n values were converted to global irradiance (R g ), defined as the total amount of shortwave radiation (direct + diffuse; W m −2 ) received from above at the surface (Iqbal 1983) , using the linear relationship between R n and R g evaluated by Alados et al. (2003) for semi-arid sites,
where a = 0.709 and b = −25.4 W m −2 . Secondly, the daytime surface-normal R g was modelled following Olmo et al. (1999) 
where R gψ is the global irradiance at the inclined surface, R g is the global irradiance on the horizontal surface, ψ is the angular distance (in radians) from the surface normal to the sun's position, θ z denotes the solar zenith angle, k t is the clearness index, F c is a multiplying factor to take into account anisotropic reflections. The angular distance ψ can be evaluated as follows,
where α is the angle of the slope (surface elevation) with respect to the horizontal surface, α s is the sun elevation angle with respect to the horizontal surface, ϕ s is the sun azimuth and ϕ the surface azimuth (Fig. 2) . The clearness index can be evaluated as follows, where R gext is the extraterrestrial irradiance calculated as follows (Iqbal 1983) ,
where I sc is the solar constant (1367 W m −2 ), r o is the average sun-earth distance and r is the real sun-earth distance according to day of year. Concerning the anisotropic correction factor, F c , we have tested various types of functions and obtained the best agreement between the computed and observed radiation values as follows,
where ρ is the surface albedo, approximated as the ratio of the average daytime reflected to incident PPFD for the studied period (ρ = 0.12). Thirdly, the obtained results were converted into surface-normal R n values (R nψ ), using again the site-specific linear regression (1). Finally, the nighttime values of surface-normal R n were directly modelled as
In contrast to the R n measurements, the vector components of the soil heat flux are not known. Also, unlike the turbulence sensors the soil heat-flux plate measures only along a single axis. Consequently, no correction was attempted for transforming vertical G into a surface-normal coordinate.
Results
Data are reported using Coordinated Universal Time (UTC), which leads local solar time at this site by less than 15 min. For our study case, vertical R n and G measured with horizontal sensor orientation underestimate available energy due to the slight southern aspect of the slope, with the expected delay in the maxima due to the predominantly western aspect (Fig. 3a) . Significant differences between morning and afternoon values and daily totals of R n and G were measured comparing both orientations. The radiometer installed horizontally overestimated morning R n by around 100 W m −2 and underestimated afternoon values by around 150 W m −2 , resulting in 21 and 16 % underestimations of the daily means under cloud-free and partially cloudy conditions respectively (Fig. 3) . Similarly, horizontally installed soil heat-flux plates overestimated morning values by around 25 W m −2 and underestimated afternoon values by 40 W m −2 , leading to an overall underestimation of 13 % in the daily totals under cloud-free conditions; no underestimation was observed under partially cloudy conditions (Fig. 3c) .
This results in a clear hysteresis in energy balance closure when vertical R n and G values from horizontal sensors are used (Figs. 4a, 5a) . Maximum values of vertical R n and G were measured at noon, whereas for rotated H and LE the peaks occurred in late afternoon (Fig. 5a ). The situation is resolved when sensors are installed parallel to the slope, measuring surface-normal R n and G. Peak values of all components of the energy balance occurred in late afternoon, in accordance with the south-western aspect of the slope (Fig. 5f ), improving both the slope (from 1.20 to 1.06; Fig. 4f ) and the explained variance (R 2 from 0.83 to 0.99; Fig. 4f ) of the linear least-squares regression. When vertical G is measured with horizontal sensor orientation (Fig. 5c ), the energy balance closure (regression slope) does not change substantially, but scatter of around 100 W m −2 increases (Fig. 4c) . When the modelled 5 Daily patterns of the energy balance components for different energy sensor combinations:net radiation (R n ), soil heat flux (G) and surface-normal sensible (H ) and latent (LE) heat fluxes. Each point represents the hourly ensemble value of the different energy components for the entire measured period combining cloudfree and partially cloudy days (±standard deviation). Open circles represent points with <60 % of data with quality flag "0" following Mauder and Foken (2004) surface-normal R n is used ( Fig. 5b and e) , the regression fit is also improved (R 2 = 0.92; Fig. 4b and e) . Note that, despite the good match between measured and modelled surfacenormal R n (slope = 1.009 ± 0.005, y-intercept = −2 ± 1, R 2 = 0.96; n = 1983), the comparison of daily patterns shows clear mismatches at sunrise, sunset and midday (Fig. 3) . Under cloud-free conditions (Fig. 3a) modelled surface-normal R n overestimated sunrise and midday values by around 70 W m −2 and similarly underestimated sunset values. Under partially cloudy conditions (Fig. 3c) , modelled surface-normal R n yielded clearly overestimated values from 0900 to 1700 UTC by up to 135 W m −2 . This results in a deviation from the energy balance closure 1:1 line between 100 and 300 W m −2 when considering the whole database (Fig. 4b, e) , and 6 % underestimation and 20 % overestimation in the daily mean for sunny and partially cloudy days respectively (Fig. 3a, c) .
Discussion
Our case study confirms improved energy balance closure when both the net radiometer and soil heat-flux instruments were installed parallel to the slope compared to other configurations, such as horizontal or modelled normal-surface R n . For the case of G, with a modest contribution to the energy balance, parallel installation did not substantially improve the slope, but did reduce the scatter. It needs to be considered that G measurements only represent their immediate environment (of order 0.01 m 2 ) whereas radiation and turbulent flux measurements represent areas of order 100 and 1000 m 2 , respectively, for these measurement heights. Hence, for representing a spatial scale more comparable to the radiation and flux measurements, a population of soil plates placed parallel to the average slope is required.
Since R n represents more than 70 % of available energy, it is commonly accepted by the FLUXNET community that radiometers be installed horizontally and to approximate surfacenormal R n following trigonometric corrections in post-processing, but to neglect the effect of the slope on G (Hammerle et al. 2007; Hiller et al. 2008; Zitouna-Chebbi et al. 2012 ). If such an approximation is to be performed reliably, not only net radiometers but also pyranometers should be installed to distinguish the total, direct and diffuse shortwave radiation components. In such a way, direct shortwave radiation can be easily corrected for slope effects knowing the azimuthal and elevation angles, latitude and surface inclination (Garnier and Ohmura 1968; Whiteman et al. 1989) . Since direct shortwave radiation represents 60 to 80 % of R n for mid-latitudes, and is the component most affected by slope effects (Holst et al. 2005) , such post-processing correction typically yields acceptable results. However, according to Oliver (1992) , under partially cloudy conditions, information about cloud cover and opacity is required and the correction quickly becomes either complex or inaccurate. Moreover, not only the direct but also the reflected shortwave radiation component (from 5 to 15 % of total R n ) is affected by the slope (Holst et al. 2005) . Additionally, our results show that, under cloud-free conditions, approximating surface-normal R n is justified when stations measure only R n and not its components. However, under partially cloudy conditions the model clearly overestimates R n . Unfortunately, fully overcast conditions were lacking during our experiment, and we cannot evaluate the model performance on cloudy days. Furthermore, a site-specific linear regression relationship is required as an intermediate step to convert measured R n into global irradiance and vice versa.
While in the immediate air layer above an exchange surface, net transport is down-gradient, i.e. surface-normal, there are also relevant cases for examining the vertical exchange of heat: with increasing distance from the exchange surface, some types of atmospheric flows are dominated by buoyancy. In this case the relevant direction of transport is vertical, following the geopotential gradient. For example, when considering atmospheric stability, the vertical exchange of heat (or actually: buoyancy) must be considered. This implies the need to consider vertical buoyancy fluxes when calculating the Richardson number, for example, irrespective of surface orientation.
Conclusion and Recommendations
For energy balance studies the transport direction of interest is surface-normal. Consequently, for assessing the energy balance over a sloping surface without complex local topography or undulations, we recommend installing the net radiometer and soil heat flux plates parallel to the average slope. For other uses, such as validation of regional numerical models using the energy fluxes measured at the ecosystem scale, spatial aggregation beyond differing definitions of the exchange direction needs to be considered. Equally important, slope and aspect lead to distinct differences in the ecosystem types, necessitating a careful evaluation of spatial representativeness of the measured fluxes. material is based upon work supported by the National Science Foundation under the grant DBI-0752017. Any opinions, findings, and conclusions or recommendations expressed in this material are those of the author(s) and do not necessarily reflect the views of the National Science Foundation.
